INTRODUCTION
Methods for the determination of nucleotide sequences in DNA have been perfected and an ever increasing number of DNA sequences have been determined. Research in molecular biology has now started to focus on the elucidation of the nature and functional significance of regulatory signals [n DNA sequences. A simple and relatively easily recognized signal is that of methylated bases in DNA, although the function of these modifications on a molecular level is not yet understood. Methylated bases in DNA have been described by Hotchkiss (1948) , Wyatt (1951) and Sinsheimer (1955) . The base 5-methyl-cytosine was first crystallized in the Chemistry Department of Yale University by Johnson & Coghill (1925) , who described 5-methyl-cytosine picrate. 'This salt occurs in exceedingly minute, lath-like crystals. They possess a most brilliant luster and are a golden yellow'.
The DNA of prokaryotes contains the modified bases N6-methyl-adenine (6-mA) and 5-methyl-cytosine (5-mC); other modified bases have apparently not been found. They may occur in minute quantities. The DNA of higher eukaryotes contains 5-mC as a modified base. The DNA of certain green algae (Pakhamova et aL, 1968; Hattman et aL, 1978; Burton et al., 1979) , protozoa (Garovsky et al., 1973; Cummings et al., 1974) and insects also contains 6-mA. The frequency of the occurrence of 5-mC in eukaryotic DNA varies over a wide range. It is 0-17 mol % in some insects, 2 to 8 mol % in mammals and as high as 50 mol % in higher plants (Dunn & Smith, 1958; Shapiro & Chargaff, 1960; Dosko~il & ~ormova, 1965; Vanyushin et al., 1968 Vanyushin et al., , 1970 Drozhdenyuk et al., 1977; Adams et al., 1979; Deumling, 1981) . Surprisingly, Drosophila DNA appears to contain very few, if any, methylated cytosine residues.
There are at least two systems in which inhibitory effects of DNA modification on DNA-protein interactions have been unambiguously demonstrated. (i) At sequences specifically modified by DNA methyltransferases, where restriction endonucleases are not able to cleave double-stranded DNA (for reviews, see Arber & Linn, 1969; Yuan & Meselson, 1970; Boyer, 1971; Arber, 1974) . (ii) The binding of the lac repressor to DNA is affected by alterations in the major groove of DNA, e.g. by 5-bromodeoxyuridine (Lin & Riggs, 1972; Lin et al., 1976) . Thus, there cannot be any doubt that modified bases at strategic positions in specific DNA sequences can have an all-or-nothing effect on DNA-protein interactions. With this well documented information as background, investigators have started to search for other functions of DNA methylation, particularly in eukaryotic systems. In 1975, several groups of researchers suggested a role for DNA methylation in the regulation of gene expression in eukaryotes (Riggs, 1975; Holliday & Pugh, 1975; Sager & Kitchin, 1975) . DNA methylation has also been implicated to have a function in DNA repair (Marinus & Morris, 1975) , in mutation (Marinus & Morris, 1975; Glickman et al., 1978; Coulondre et al., 1978) and in recombination (Kaput & Sneider, 1979) . The implication of DNA methylation in DNA replication in prokaryotic systems, rests on the observation that a block in DNA methylation interferes with DNA replication (Billen, 1968; Lark, 1968; Razin, 1978) , and a similar role has been postulated in the highly complex process of eukaryotic DNA replication (Taylor, 1979) .
0022-1317/81/0000-4830 $02.00 © 1981 SGM In this review, the discussion will be concentrating on a critical evaluation of the evidence currently available for the notion that DNA methylation in eukaryotes exerts a function in gene regulation. The results of three types of experiments have recently lent further support to this hypothesis. (i) Inverse correlations between the degree of DNA methylation in specific nucleotide sequences (e.g. 5'-CCGG-3') of certain genes and the extent of expression of these genes as messenger RNA have been established in virus and non-virus eukaryotic systems (Waalwijk & Flavell, 1978b; Bird et al., 1979; McGhee & Ginder, 1979; Desrosiers et al., 1979; Cohen, 1980; Guntaka et al., 1980; Sutter et al., 1978; Sutter& Doerfler, 1979 Vardimon et al., 1980) . Also, such correlations may not hold invariably in all systems investigated. (ii) It has been demonstrated that the cytidine analogue 5-azacytidine, which cannot be methylated, since it carries a nitrogen instead of a carbon atom in the 5-position of the pyrimidine ring, can be incorporated into the DNA of eukaryotic cells (Jones & Taylor, 1981) . In a low percentage of cells this incorporation can lead to the activation of certain genes (Groudine et al., 1981) or even to the differentiation of mouse fibroblasts to specialized cells (Constantinides et al., 1977; Taylor & Jones, 1979; Jones & Taylor, 1980) . (iii) Lastly, microinjection experiments comparing the genetic activity of specific virus genes which had been methylated in vitro or had been left unmethylated, provided direct biochemical evidence for a role of DNA methylation at specific sites in gene regulation (Vardimon et al., 1981 a, b) .
Apparently, DNA methylation can serve as a long-term signal, and -at least for the time being -mechanisms facilitating rapid demethylation at specific sites are not well established. In any event, the evidence accumulated so far points to DNA methylation as a long-term signal, because it appears problematical at present to alter levels of DNA methylation instantaneously without the onset of a new round of DNA replication.
Within the scope of this brief review, reference will be made mainly to virus systems. The limited size of virus genomes and technical advantages that allow the easy preparation of highly purified probes make virus systems a very suitable and resourceful system for studies on gene regulation. In particular tumour viruses, that integrate their genomes into the genome of the host (for review, see Doerfler, 1975 Doerfler, , 1977 Doerfler, , 1982 , offer the additional advantage that virus gene expression can be studied not only in lytic systems but also after insertion of the virus genome into the host genome. The insertion event fundamentally alters control mechanisms in virus gene expression. A concise summary of data collected in non-virus eukaryotic systems will be juxtaposed. Previous excellent reviews, which have appeared recently, have dealt with various aspects of DNA methylation in prokaryotic and eukaryotic systems (Razin & Riggs, 1980; Drahovsky & Boehm, 1980; Hattman, 1981; Wigler, 1981; Ehrlich & Wang, 1981) ; some of the aspects treated in these articles will not be repeated here. The survey of the literature incorporated into the present review was terminated but probably not completed in May 1981.
On the biochemistry of DNA methylation
In eukaryotes the modified base 5-mC (C*) occurs predominantly in the sequence 5'-C*pG-3' (Dosko~il & ~orm, 1962; Grippo et al., 1968) , but 5-mC has also been found in 5'-C*pC-3' (Salomon & Kaye, 1970; Sneider, 1980; Gruenbaum et al., 1981; Romanov & Vanyushin, 1981) and 5'-C*pT-3' sequences (Salomon & Kaye, 1970; Sneider, 1972) . The degree of methylation of C in these sequences varies greatly depending on many parameters, such as species, type of gene and stage of development. It may prove to be highly significant that the dinucleotide CpG occurs much less frequently in mammalian DNA than would be expected statistically (Subak-Sharpe et al., 1966) .
Recently, the extent of DNA methylation in chicken, mouse, and calf DNA has been determined. These DNAs were nick-translated using [a-32p] dGTP as the only nucleotide and the nearest neighbours of methylated cytosine were detected by standard analysis (Josse et al., 1961) . About 70% of the CpG sequences in animal cell DNA have been found to be methylated. In transcriptionally active DNA, that is DNase I sensitive, only 30 to 40% of the CpG doublets are methylated . Furthermore, it has been demonstrated for plant DNA that 5-mC occurs in several C-containing dinucleotides. All these dinucleotides are part of the basic trinucleotide CpXpG (Gruenbaum et al., 1981) .
The newly synthesized strand of DNA is methylated right after or even during DNA synthesis. Most of the eukaryotic DNA methylases are thought to function on the basis of a bivalent symmetry using the parental methylated strand as template and attaching a methylgroup to the appropriate C-residue at a palindromic sequence in the symmetrically opposed position of the newly synthesized strand. For example, the sequence yS' GOOC*CC-s 'CCC*OGO Y ' "._ ~' after one round of replication would give rise to ~,:~,Cd~c~ and to ~::~,~3~9c~d3-; ,. The methylated C*-residues in the parental strands apparently constitute at least part of the signal for the cellular methylase(s) to modify the unmethylated C-residue in the symmetrically opposite position in the newly synthesized strand (C). It is not clear to what extent de novo methylation, i.e. methylation independent of such signals of symmetry can occur. However, methylation studies on adenovirus DNA from the virion and in the integrated state from transformed cells demonstrate that de novo methylation does occur (Giinthert et aL, 1976; Sutter et al., 1978) .
Little is known about demethylation events. In this respect, Karran et al. (1979) and Olsson & Lindahl (1980) have described a very interesting demethylation reaction in Escheriehia eoli. An inducible enzyme transfers a methyl group from the 06 position of an alkylated guanine residue in DNA to a specific cysteine in this enzyme which serves as acceptor protein at the same time. The methyl-acceptor protein is inactivated in this process. Demethylation reactions in eukaryotes have not yet been investigated.
In general, the state of methylation in a given cell or an organ system is maintained faithfully by a mechanism known as maintenance methylation (Riggs, 1975; Holliday & Pugh, 1975) , which is explained by the specificity of many of the known methyiases recognizing specifically half-methylated DNA molecules (see above). A DNA methylase from E. eoli B which is both an endonuclease and a methylase has been shown in vitro to act preferentially on half-methylated DNA (Vovis et al., 1974) . It has been demonstrated directly that it is only the newly synthesized strand that actually is methylated (Bird, 1978) . Furthermore, results from a number of different eukaryotic systems have established that methylation patterns exist in most genes, that DNA methylation resides in both strands and that methylation patterns are maintained during DNA replication.
The questions of the persistence and inheritance of methylation patterns in eukaryotic systems have been approached experimentally by the introduction of in vitro methylated cloned DNA into cells by DNA-mediated gene transfer (Wigler et al., 1979a (Wigler et al., , b, 1981 Perucho et al., 1980; POllack et al., 1980) or by microinjection experiments (Vardimon et al., 1981a, b) . In general, the newly introduced DNA remained methylated, even many generations after the transfection event. Although not necessarily all in vitro methylated sites retained the methyl group, a specific methylation pattern seemed to persist. Demethylation and de novo methylation of previously unmethylated sites also occurred (Stein et al., 1981) . Thus, depending on the gene under investigation and its state of activation, a highly specific pattern of methylation persists or is generated in the case of artificially introduced genes. The mechanism of maintenance methylation, although playing an important role in transmitting these specific patterns of methylation, cannot be sufficient by itself to establish them. As has been pointed out, de novo methylation and demethylation events must be involved to explain a number of experimental findings. It is, therefore, reasonable to postulate that more complex signals in DNA sequences are involved in directing the methylation machinery. These hypothetical signals are unknown at present.
Methods to assay for the occurrence of methylated bases
For the precise quantification of 5-mC and other modified bases, a number of very sensitive techniques have been developed. Chromatographic procedures (Randerath & Randerath, 1968) , two-dimensional chromatographic and electrophoretic separations (Gfinthert et al., 1976) , gas chromatography (Razin & Sedat, 1977) , mass spectrometry (Razin & Cedar, 1977 , Singer et al., 1979 and high-performance liquid chromatography (Singer et al., 1977) have been successfully applied to the detection of 5-mC upon total hydrolysis of DNA. When 5-mC is covalently bound to bovine serum albumin, it can be used to raise antibodies against 5-mC in rabbits. These antibodies have proved useful tools in the detection of small amounts of 5-mC (Miller et al., 1974; Lubit et al., 1976; Sano et al., 1980) . Restriction enzymes (for review, see Roberts, 1980) have, however, assumed a pivotal role in the determination of methylation patterns, an option that has not been afforded by purely chemical or physical techniques. For this development, an incidental discovery by Waalwijk & Flavell (1978 a) was of decisive importance. These authors have established that the restriction endonuclease pair HpaII (from Hemophilus parainfluenzae) and MspI (from Moraxella species) are isoschizomers and cleave at all 5'-CCGG-3' sites. Whenever the internal C-residue of the sequence is modified to 5'-CC*GG-3' by methylation, the endonuclease HpaII cannot cut, whereas MspI does cut at such sites. Conversely, methylation of the external C, 5'-C*CGG-3', renders MspI refractory, while the endonuclease HpaII remains fully active (Sneider, 1980) . The availability of this isoschizomeric pair of restriction enzymes with a complementary refractoriness for methylation facilitates the elucidation of methylation patterns in specific genes. In brief, the DNA to be investigated is cleaved either with the restriction endonuclease HpaII or MspI, the fragments separated by electrophoresis in an appropriate gel system and transferred to nitrocellulose filters by the Southern (1975) technique. Using cloned cellular or'virus genes as specific 32p-labelled hybridization probes (Wahl et al., 1979) , the distribution of specific DNA fragments can be determined. Depending on the cleavage patterns generated by the HpaII or MspI restriction endonuclease, conclusions can be drawn about the state of methylation at all 5'-CCGG-3' sites in a given gene. The only precondition for this type of analysis is the availability of a molecular clone of the gene to be investigated.
A high percentage of all 5-mC residues in eukaryotic DNA occurs in 5'-CpG-3' sequences (Dosko6il & Sorm, 1962; Grippo et al., 1968; Gautier et al., 1977; and only a limited amount of all 5'-CpG-3' groups occurs in the 5'-CCGG-3' sequence. Thus, differential cleavage by the HpaII-MspI restriction endonuclease pair will reveal only part of all 5-mC groups present in a given gene. At present, the isoschizomeric pair HpaIIMspI is the only one available for the detection of 5-mC residues. For special sequence constellations, the restriction endonuclease pair Sau3A (5'-GATC-3') and TaqI (5'-TCGA-3') can be used on a similar basis, namely for the sequence 5'-GATCGA-3' which constitutes an overlap of both sites. A methylated TaqI site (5'-GATC*GA-3') is still sensitive to cleavage, a methylated Sau3A site (5'-GATC*GA-3') is, however, rendered resistant (Streeck, 1980) . The TaqI is inhibited by 6-mA. In prokaryotes, 6-mA can be detected by cleavage with the isoschizomeric restriction endonuclease pair DpnI (Diplococcus pneumoniae) and DpnII which cleave at GATC sites. DpnII is inhibited by 6-mA; DpnI only cleaves methylated DNA. There are several additional restriction endonucleases which are sensitive to the methylation of a 5'-C*pG-3' site (Table 1) . So far no isoschizomeric endonucleases have been found which prove resistant to 5-mC insertion into the additional recognition sequences listed in Table 1 , except XmaI. Nevertheless, these restriction endonucleases have limited applicability for the elucidation of restriction endonuclease patterns. When molecular cloned genes of eukaryotes are propagated on methylation deficient hosts (Marinus & Morris, 1973; Hattman et al., 1973) these DNA sequences can be obtained in the unmethylated form. Thus, the natural state of methylation of these sequences can be determined by cleaving the cellular 
HhaI (Hemophilus haemolyticus) 5 '-GC*GC-3'
HpalI (Hemophilus parainfluenzae) 5'-CC*GG-3'
t The asterisk (C*) designates the modified cytidine residue(s) that lead(s) to the inhibition of the restriction endonuclease. The arrows indicate the sites of cleavage in the unmodified sequences.
$ Sau3A is inactivated by the presence of a 5-mC-group in only one strand.
DNA with any one restriction endonuclease by blotting and hybridization to the cloned, 32p-labelled gene. At the same time, the unmethylated, cloned gene propagated on methylation deficient hosts is cleaved with the same restriction endonuclease, co-electrophoresed and blotted as an internal control, which would represent the unmodified cleavage pattern of the DNA sequence of the gene under investigation. In this way, the level of methylation of this gene in its actual state in the cell could be deduced for a particular sequence containing a 5'-CpG-3' site (see Table 1 ). Similarly, the state of methylation at any of these sites can also be derived for integrated virus DNA sequences. In this case, virion DNA can be used as internal control, since in many instances the DNA isolated from purified virions has proved unmethylated or methylated to a very limited extent (Low et al., 1969; Kaye & Winocour, 1967; Gfinthert et al., 1976; von Acken et al., 1979; Tjia et al., 1979) . The presence of the base 5-mC in DNA can also be detected by the Maxam-Gilbert nucleotide sequencing method (Maxam & Gilbert, 1977; Ohmori et al., 1978) , since 5-mC does not appear in the pyrimidine cleavage patterns of sequencing gels because 5-mC has been found to be less reactive with hydrazine than are cytosine or thymine. The presence of 5-mC can then be ascertained by sequencing of the complementary strand.
DNA methyltransferases
This important group of enzymes is frequently referred to in this paper. Extensive reviews on DNA methyltransferase have recently appeared (Modrich, 1980; Roberts, 1980; Hattman, 1981) and this subject will therefore not be dealt with further. Table 2 lists some of the partly characterized DNA methyltransferases from eukaryotic sources and their properties.
A large number of highly sequence-specific DNA-adenine and DNA-cytosine methylases has been described in prokaryotes. The number of eukaryotic DNA-methylases comparably well characterized is much smaller. DNA-cytosine methylases have been purified from Novikoff hepatoma cells in culture (Sneider, 1971) , from HeLa cells (Roy & Weissbach, 1975) , from Krebs ascites tumour cells (Browne et al., 1977; Adams et al., 1919) , from Turnbull & Adams, 1976 Browne et al., 1977 Adams et al., 1979 Sneider, 1971 Roy & Weissbach, 1975 Sano & Sager, 1980 Bromberg et al., 1981 t This Table has been taken (with permission) from S. Hattman (1981). normal and regenerating rat liver (Simon et al., 1978) , from Chlamydomonas reinhardi (Sano & Sager, 1980) and from Tetrahymena thermophila (Bromberg et al., 1981) . These methylases are S-adenosylmethionine-dependent. As to sequence specificity and preference for single-or double-stranded DNA, some of these methylases are only beginning to be well characterized. Some of these enzyme preparations could still constitute a mixture of more than one methylase species.
On the biological function of DNA methylation A signal recognized in gene regulation ofeukaryotes
There is now a large body of evidence supporting the idea that 5-mC in highly specific locations and in specific patterns in the genome can exert a function in controlling the activity of certain genes. It is conceivable that methylated nucleotides constitute part of a much more complex signal which is actually recognized by the transcription machinery. The nature of this signal is not yet understood. The decisive steps in gene regulation probably involve the interaction of DNA and proteins in the chromatin structure. DNA methylation, with the methyl group probably in the major groove of the double-helix, may in some way influence these interactions. have recently demonstrated by measuring circular dichroic and absorption spectra, that the spectral transition from the usual right-handed B to the left-handed Z configuration of the synthetic polynucleotide poly(dG-dC).poly(dG-dC) occurs at much lower salt concentrations, close to physiological conditions in the in vitro methylated poly(dG-mSdC), poly(dG-mSdC)polymer. These data suggest that the sequence mSdC-dG has a decisive effect on the B--Z transition. also report that by X-ray fibre diffraction the methylated polymer adopts a Z configuration indistinguishable from that of the unmethylated polymer. The B form of each polymer has a repeat of about 10.5 base pairs, the repeat of the Z form is approx. 13.6 base pairs. Thus, methylation of DNA in highly specific sites may facilitate the B-Z transition and stabilize DNA in the Z conformation.
Virus systems have been useful tools in the elucidation of the role that DNA methylation plays in gene expression. Experimental evidence gleaned from virus systems will be presented first, followed by examples from the molecular biology of eukaryotic genes. In general, a high degree of DNA methylation has been shown to be associated with genome inactivation, whereas low levels or absence of methylation frequently correlate with active parts of the genome. This correlation by itself is compatible with the view that DNA methylation at specific sites may be the cause or the consequence of gene inactivation. Studies on in vitro systems and investigations using the cytidine analogue 5-azacytidine, that cannot be methylated, have however, provided direct evidence for the concept that DNA methylation at specific sites is responsible for gene inactivation. We are still ignorant as to the nature of this specific site as well as to how exactly rnethylation is translated into gene inactivation.
(A) Virus systems (i) Polyomavirus and simian virus 40. The nucleotide sequences of polyomavirus (PyV) (Soeda et al., 1979) and of simian virus 40 (SV40) (Fiers et al., 1978; Reddy et al., 1978) have been determined. There are eight and one 5'-CCGG-3' sites in PyV and SV40 respectively. In general, the CpG sequences are under-represented by about 10-fold in SV40 DNA as compared to statistical expectation. The virion DNAs do not appear to be methylated (Kaye & Winocour, 1967; Low et al., 1969; Soeda et al., 1979) . One of the 5'-CCGG-3' sites located in the early region of PyV may contain a modified base. The PyV and SV40 DNA copies integrated in PyV-or SV40-transformed cells do not seem to be methylated extensively. PyV DNA sequences integrated in transformed cell lines appear to be methylated in the late region of the virus genome (M. Fried, personal communication, 1981) .
Investigations using in vitro methylated SV40 DNA have been carried out by D. Simon (personal communication, 1981) . SV40 DNA was methylated using the eukaryotic DNA methyltransferase isolated from regenerating rat liver (Simon et al., 1978) . This DNA methyltransferase did not exhibit any striking specificity for a certain nucleotide sequence. When in vitro methylated SV40 DNA was microinjected into permissive cells, SV40 DNA was expressed in the same way as if unmethylated DNA had been injected as judged by fluorescing antibodies against SV40 T antigen and virus antigens. In contrast, J. L. Manley has found recently (personal communication, 1981 ) that SV40 DNA in vitro methylated by the HpaII methylase is transcribed less efficiently in Xenopus oocytes than unmethylated DNA.
(ii) Adenoviruses. The content of 5-mC in DNA from adenovirus type 2 (Ad2), type 5 (Ad5) and type 12 (Adl2) has been determined by chromatographic procedures and by differential cleavage with the restriction endonucleases HpaII and MspI. The DNA isolated from purified adenovirions is not methylated or methylated to a very limited extent (G~inthert et al., 1976; Sutter et al., 1978; von Acken et al., 1979) . It cannot be ruled out that the DNA from Ad2 and Ad 12 carries a few 5-mC groups per genome. In fact, recent evidence from studies with specific antibodies raised against 5-mC indicates that both Ad2 and Adl2 DNA may contain a few 5-mC groups. The location of these 5-mC residues in the genome has not yet been determined.
The interesting observation has been made that the DNA of the human host (KB or HEK) cells, in which adenovirions have been propagated, contains 3-5 to 4.4% 5-mC as expected for mammalian DNA (Giinthert et aL, 1976) . It is well worth investigating how adenovirus DNA, which obviously replicates in the nucleus, escapes methylation to the same extent as observed for cell DNA. Is intracellular adenovirus DNA, which can be easily methylated in vitro by the HpaII and BsuI methyltransferases (W. Doerfler, unpublished results; Vardimon et al., 1981a, b) , less accessible to the methylation machinery or are the DNA methyltransferases of the host inactivated as a consequence of virus infection? Methylation of incoming adenovirus DNA in mammalian cells would require the presence of de novo DNA methyltransferases capable of methylating virus DNA which does not carry pre-existing methyl groups in one of the parental DNA strands, at least not at a concentration of 3 to 5% of all cytidine residues. The presence of de novo methylases in mammalian cells has not yet been rigorously demonstrated. On the other hand, it is necessary to postulate the presence of such enzyme activities on the basis of the finding that adenovirus DNA integrated in the DNA of transformed and tumour cells is extensively methylated Sutter & Doerfler, 1979 Vardimon et al., 1980; Kuhlmann & Doerfler, 1981) . Perhaps, de novo methylases are only active in chromatin. Extensive investigations on the enzymology of DNA transmethylation are required to clarify these problems.
The levels of methylation of the parental adenovirus DNA in productively infected human cells (Ad2) and in abortively infected BHK21 hamster cells (Adl2) have been measured by differential cleavage with the HpalI and MspI restriction endonucleases, by gel electrophoresis and by blotting (Vardimon et al., 1980) . Increases in the extents of methylation in Ad2 or Adl2 DNA have not been detected by this technique. Minor alterations in the degree of methylation cannot be excluded. In KB or HEK cells productivity infected with Ad2, the levels of methylation in intracellular virus DNA remain unchanged both early (1 to 5 h) and late (20 h) post-infection. It has been established by the use of several different methods that Adl2 DNA does not replicate in BHK21 cells (Doerfler, 1968 (Doerfler, , 1969 (Doerfler, , 1970 Doerfler & Lundholm, 1970; Fanning & Doerfler, 1976; Vardimon et al., 1980) , so that the Ad 12. BHK21 cell system represents an example of a very tight block of virus DNA replication. There is no evidence that the Ad 12 DNA becomes extensively methylated in this system either (Vardimon et al., 1980) . Ortin et al. (1976) and Esche et al. (1979) have demonstrated that in this abortive system the early virus genes are expressed but not the late virus genes. The lack of extensive methylation of virus DNA in the abortive system in particular, suggests that the expression of early versus late virus genes in non-integrated Adl2 DNA is regulated by mechanisms not involving DNA methylation. The same argument holds for the regulation of expression of late virus genes at early times in the productive cycle. If DNA methylation did indeed play a major role in gene regulation of mammalian cells, perhaps it would be inopportune for virus genomes destined to replicate parasitically to succumb to regulatory mechanisms of the host cell. At least, for free, unintegrated virus genomes there appears to exist a mechanism designed to avoid modification by the host.
Conversely, both Ad2 and Adl2 DNA can be extensively methylated when they are integrated into the host genome Sutter & Doerfler, 1979 Vardimon et al., 1980; Eick et al., 1980; Kuhlmann & Doerfler, 1981) . These findings strongly suggest that virus DNA can be de novo methylated, apparently during or after the incorporation into host chromatin. Adenovirus genes integrated into cellular DNA in transformed and tumour cells (Doerfler, 1975 (Doerfler, , 1977 (Doerfler, , 1982 ) represent a useful tool for studies on eukaryotic gene regulation. In many of these transformed or tumour cell lines, early virus genes are expressed, but late virus functions remain inactive (for review, see Doerfler, 1982) . The integrated virus genomes are, however, not uniformly methylated, but specific patterns have been observed with respect to the extent of methylation at the 5'-CCGG-3' sites. An inverse correlation has been established in that those regions of the adenovirus genome which are not expressed in transformed or tumour cells, are hypermethylated and those segments which are transcribed into messenger RNA are undermethylated or not methylated at all Sutter & Doerfler, 1979 Vardimon et al., 1980) . The most striking correlation in this respect has been found for the early region 2a (E2a) of Ad2 DNA in three cell lines of Ad2-transformed hamster cells. In line HE1, the 72K, DNA-binding protein (DBP) of Ad2 DNA is expressed, but in lines HE2 and HE3 this protein is not synthesized (Johansson et al., 1978; Esche, 1981) . The 5'-CCGG-3' sites of the E2a region in line HE1 are completely unmethylated; in lines HE2 and HE3 the same sites are fully methylated. It has been possible to demonstrate (Vardimon et al., 1981 a) that all three cell lines, HE 1, HE2 and HE3, contain at least part of the late promoter of the E2a region of Ad2 DNA (Chow et al., 1979 , Baker & Ziff, 1981 and that this late promoter is used in cell line HE1 for the expression of the E2a region (Vardimon et al., 1981 a) .
Detailed recent investigations on a number of Adl2-transformed and hamster tumour cell lines suggest that in those regions of the integrated Ad 12 DNA which are expressed, only very few of the 5'-CCGG-3' sites are methylated. The promoter sites of expressed regions are unmethylated at 5'-CCGG-3' sites (I. Kruczek & W. Doerfler, unpublished results) .
Morphological revertants of one of the Ad 12-transformed hamster lines, T637, have been isolated and characterized (Groneberg et al., 1978; Groneberg & Doerfler, 1979; Eick et al., 1980) . The original line T637 contains about 22 copies of Adl2 DNA (Stabel et al., 1980) , whereas'in the revertants about one-half of a copy or one copy and a fragment of a second one persist (Eick et al., 1980) . The Ad12 DNA in the revertants is very strongly methylated at 5'-CCGG-3' sites, in contrast to the Adl2 DNA in the parent line T637 which exhibits a particular pattern of methylation (Sutter & Doerfler, 1979 ; I. Kruczek & W. Doerfler, unpublished results). It is not possible to decide whether methylation has actually increased in the revertants or whether a virus DNA copy, originally highly methylated, was selected to persist. The level of expression of virus DNA in the revertants is extremely low (Schirm & Doerfler, 1981) , although recent results suggest that messenger RNA isolated from one of the revertants can be translated in vitro into Adl2-specific proteins (H. Esche, unpublished results). Undifferentiated sarcomas have been induced in hamsters by the injection of Adl2 into newborn animals. Intact Ad 12 genomes are integrated in the tumour cell DNA colinearly with the virion genome in multiple copies. The integrated Adl2 DNA sequences in cell DNA extracted from tumours directly are poorly methylated at the 5'-CCGG-3' (HpaII/MspI) sites and at the 5'-GCGC-Y (HhaI) sites, Surprisingly, the extent and the patterns of methylation of the integrated Adl2 DNA sequences shift to higher levels when tumour cells are explanted and subcultivated repeatedly at passage levels 4 to 20. No further striking changes in methylation patterns are observed when the tumour cells are re-implanted into newborn hamsters nor when cells from these tumours are re-explanted and carried up to third passage or when several subclones of the tumour cells are examined (Kuhlmann & Doerfler, 1981) .
These data suggest that extent and patterns of DNA methylation are subject to change depending on the culture conditions of transformed cells. It is also possible that certain cells may have been selected due to the particular culture conditions employed.
In vitro studies
Most of the results correlating levels of expression of specific virus genes and the extent of DNA methylation in these genes can be interpreted in two ways: (i) DNA methylation could be a consequence of the absence of gene expression or (ii) DNA methylation could be associated in some way with the cause of gene inactivation. In order to decide between these two possibilities, in vitro experiments have been carried out. The cloned E2a region of Ad2 DNA (the HindIIIA fragment of Ad2 DNA in pBR322) was methylated in vitro using the HpaII DNA methyltransferase (Mann & Smith, 1977; Quint & Cedar, 1981) or left unmethylated and microinjected into the nuclei of Xenopus laevis oocytes (Vardimon et al., 198 la, b) . Subsequently, the synthesis of Ad2-specific RNA was monitored. In vitro methylated DNA remained in the methylated state for 24 h after microinjection into nuclei of X. laevis oocytes. When the injected DNA had been methylated by the HpaII DNA methyltransferase, Ad2-specific RNA was not synthesized as late as 24 h after microinjection. Unmethylated DNA was readily expressed as Ad2-specific RNA. As an internal control unmethylated histone genes (h22) from sea urchin were microinjected together with methylated E2a DNA from Ad2. Ad2-specific RNA was not found, but h22 DNA-specific RNA was readily detected (Vardimon et al., 198 l b) . This finding ruled out unspecific inhibitory effects in the methylated DNA preparation. It was shown that transcription in the E2a region in Xenopus oocytes is initiated at the late promoter (Vardimon et al., 1981 b) . The E2a region on Ad2 DNA had been chosen for the experiments because the correlation between lack of expression and methylation of all HpaII sites was most striking in this region of the Ad2-transformed hamster lines investigated (Vardimon et aL, 1980) . Methylation of the E2a region at the 5'-GGCC-3' sites by the BsuRI methyltransferase did not seem to have any effect (Vardimon et al., 1981 b) . These results provide direct evidence for the notion that methylated sequences at highly specific sites are involved in the regulation of gene expression. The actual nature of the regulatory signal is presently unknown.
Observations on the distribution of HpaII and Hha/sites in A dl 2 DNA
Parts of the nucleotide sequence of Adl2 DNA (Sugisaki et al., 1980) have been determined. The distribution of the 5'-CCGG-3' (HpaII) and of the 5'-GCGC-3' (HhaI) sites in the left terminal 3860 nucleotides of Adl2 DNA shows a very remarkable clustering of these sites among the first 1000 nucleotides. The meaning of these clusters cannot yet be evaluated.
(iii) Herpesviruses. An interesting correlation has been described between the extents of DNA methylation and expression of the herpesvirus saimiri genome in lymphoid tumour cell lines (Desrosiers et al., 1979) . In the marmoset lymphoid cell line 1670, at least part of the herpesvirus salmiri DNA molecules persists as covalently closed circular, episomal DNA. This cell line does not produce infectious virus. Restriction endonuclease analyses with the enzymes HpaII, MspI, SaeII and SmaI (see Table 1 ) have revealed extensive methylation; >80 % of all HpaII sites of the persisting virus genomes in this cell line are methylated. Similar herpesvirus saimiri DNA molecules persists as covalently closed circular, episomal DNA. This DNA in three virus-producing lymphoid cell lines have not given any evidence of methylation of virus DNA sequences (Desrosiers et al., 1979) . Differences in DNA methylation between virus DNA in producer and non-producer lines are also apparent in repetitive virus DNA sequences (Kaschka-Dierich et al., 1981) . These data then fall in line with the correlation between DNA methylation and the absence of gene expression reported in many eukaryotic virus and non-virus systems.
Recently, Desrosiers (1981) and Kaschka-Dierich et al. (1981) have mapped the locations of specifically unmethylated HpalI and FnuDII sites in the herpesvirus saimiri genome in several herpesvirus saimiri-transformed non-producer lines, or virus-induced tumours. Among >40 such sites, four are specifically unmethylated. Unfortunately, the functional analysis of the herpesvirus saimiri genome has not progressed far enough to determine whether the unmethylated sites reside in transcriptionally active parts of the genome. More detailed information on this interesting system will hopefully come forward in the near future.
The DNA of herpesvirus saimiri contains less than one methyl group per genome. Upon long-term in vitro incubation with purified rat liver DNA methylase, both Ad5 DNA and herpes simplex virus type 1 DNA can be methylated (von Acken et al., 1979) . Youssoufian et al. (1981) have investigated a human lymphoblastoid cell line of T cell origin which was latently infected with herpes simplex virus type 1 (HSV1). Latently infected cells contained about one genome equivalent per cell. At this stage, the virus DNA was heavily methylated. During the productive period, that was induced by phytohaemagglutinin treatment, the cells carried multiple copies of the HSV 1 genome which were apparently not methylated.
DNA from mature herpes simplex virus type 1 virions has been found to be unmethylated. However, intracellular replicating DNA molecules have been reported to be extensively methylated between 4 and 9 h post-infection. Methylation started to decrease at later stages of infection (Sharma & Biswal, 1977) . This peculiar finding has apparently not been followed up more recently. Kintner & Sugden (1981) have analysed the state of DNA methylation in Epstein-Barr virus (EBV) genomes persisting in a number of cell lines which have arisen by clonal transformation of human lymphocytes in vitro with EBV. Novel sequence arrangements have been found in the intracellular virus DNA in different cell clones. The intracellular EBV DNA is progressively methylated upon cell propagation. Again, no correlations can yet be drawn in this system about specific patterns of expression of certain parts of the virus genome. Specific transformed cell phenotypes or virus phenotypes segregating with an increase in DNA methylation have not been observed.
(iv) Iridoviruses. It has been reported that the DNA extracted from frog virus 3 (FV3) virions is very extensively methylated. This DNA does not contain 6-mA; analysis by thin-layer chromatography reveals the occurrence of >20% 5-mC (Willis & Granoff, 1980a) . This surprising finding contrasts with findings from almost all other virion DNA species which have not been found to be extensively methylated. FV3 can be grown in fathead minnow cells or in BHK21 cells which contain cellular DNA methylated (5-mC) to much lesser extents, namely 8 % and 2.5 % respectively. For this reason, it has been proposed that an FV3-specified function may be responsible for this extremely high level of virion DNA methylation (Willis & Granoff, 1980b) . Other possibilities cannot be excluded. Upon infection of permissive cells with FV3, significant demethylation of parental virus DNA does not seem to occur. However, there is evidence that newly synthesized progeny DNA remains undermethylated (Willis & Granoff, 1980b) . Very recently, D. B. Willis & A. Granoff (unpublished results) have obtained evidence that a methylase is induced in cells by FV3. This methylase activity is found predominantly in the cytoplasm. FV3 DNA in the nucleus is not methylated, whereas that in the cytoplasm is. FV3 DNA methylation is probably a postreplicative event that occurs in the cytoplasm.
(v) Baeuloviruses. The DNA of Autographa ealifornica nuclear polyhedrosis virus has not been found to be extensively methylated at 5'-CCGG-3' sites (Tjia et al., 1979) .
(vi) Retroviruses. Interesting observations on proviral DNA and highly significant functional correlations have also appeared in the retrovirus field. Cohen (1980) has determined the 5-mC content of mouse mammary tumour virus (MMTV)-specific proviral DNA sequences in normal and neoplastic tissues of the mouse. Proviral DNA was acquired both in milk-borne infection and by genetic transmission. The MMTV proviral DNA sequences originating from germ line infection are heavily methylated at both HpaII and HhaI sites. Exogenously acquired MMTV proviral DNA, however, is not methylated at these sites, neither in infected nor in transformed cells. In transformed cells, cellular DNA sequences are undermethylated. It has been known for some time that the endogenous proviral MMTV DNA is not extensively expressed, whereas acquired proviral DNA is very actively expressed as messenger RNA (Varmus et al., 1973) . These findings conform to the functional relationship between DNA methylation and gene expression previously elaborated.
Similar conclusions have been reached by Guntaka et al. (1980) who have discovered that proviral DNA sequences of avian sarcoma virus are methylated at the 5'-CCGG-3' sites in a non-permissive rat cell line but not in permissive chicken cells. In the permissive cells, a portion of the endogenous virus DNA is also methylated. Unintegrated virus DNA carries no detectable 5-mC.
A number of investigators have previously demonstrated that the DNA of expressed genes is preferentially sensitive to digestion by DNase I, possibly due to an altered chromatin structure (Weintraub & Groudine, 1976; Garel et al., 1977; Palmiter et al., 1977; Stalder et al., 1980) . Groudine et al. (1981) have now shown that transcriptionally active ev-3 and transcriptionally inactive ev-1 endogenous retroviral genes in chicken cells differ distinctly in a number of parameters. The ev-3 DNA is hypomethylated, highly sensitive to DNase I and exhibits nuclease hypersensitive sites in its two long terminal repeats. Conversely, ev-1 DNA is strongly methylated and is not sensitive to DNase I digestion. When the chicken cells are exposed to the analogue 5-azacytidine for 24 h (equivalent to 2 to 3 generations), the ev-1 DNA becomes undermethylated, acquires at least one DNase sensitive site and is transcriptionally activated (Groudine et al., 1981) . These data are consistent with the interpretation that the loss of methyl groups from DNA leads to the transcriptional activation of previously dormant genes and that DNA methylation is somehow associated with the regulation of gene expression. Similar conclusions have been deduced from other virus systems, in particular from in vivo and in vitro studies with adenoviruses.
Mechanisms controlling gene expression were also investigated during animal development, using retrovirus genes as models . Substrains of mice have been constructed that carry the Moloney murine leukaemia virus (M-MuLV) genome in the germ line. These genomes are in part endogenous (i.e. genetically transmitted) and in part exogenous (i.e. somatically acquired by superinfection). The endogenous genetically silent genomes are highly methylated in the 5'-GCGC-3' sequences (HhaI sites). These genomes are not infectious in a DNA transfection assay. The exogenous genome copies are hypomethylated and infectious.
The mov-3 substrain of mice carries the M-MuLV as a Mendelian gene in the germ line. Harbers et al. (1981) have molecularly cloned the integrated provirus, and the cloned DNA has been tested for methylation and infectivity. The genomic proviral and flanking mouse sequences are extensively methylated and not infectious, the cloned mov-3 locus is not methylated since it was replicated in a prokaryotic host and highly infectious. These data further support the notion that methylation of specific genes is causally related to gene inactivation.
(vii) Bacteriophage systems. The mechanisms of modification and restriction were discovered in bacteriophage systems, and since these topics have been reviewed extensively (Arber & Linn, 1969; Meselson et al., 1972; Arber, 1974 ), they will not be dealt with in this article. There is no direct evidence for the importance of methylated nucleotides as regulatory signals in bacteriophage DNA. However, there are a number of recent interesting observations on how restriction and methylation can be used by the bacteriophage DNA to obviate host barriers. Methylation of the DNA of bacteriophage T7 is independent of host DNA methylation which is 30-to 50-fold higher. That part of the T7 genome that is introduced first into the host cell, does not carry recognition sites for the restriction endonucleases present in E. coli K and B strains. The gene M product encoded in that part of the T7 DNA is immediately expressed and prevents host restriction in later stages of infection B. Auer & M. Schweiger, personal communication) .
The DNA of phage T1 is methylated independently of the extent of host DNA methylation. Methylation of 5'-CCGG-3' sites does not appear to play a role in E. coli and its phages. The DNA of phage T1 probably encodes its own DNA methyltransferase which methylates 5'-GATC-3' and other virus DNA sequences which are thus protected from host restriction (Wagner et al., 1979; B. Auer & M. Schweiger, personal communication) .
(B) Non-virus eukaryotic systems
We shall now turn to a brief discussion of results from non-virus eukaryotic systems which corroborate similar overall conclusions that were derived from virus systems.
Differences in the levels of DNA methylation have been reported in a number of eukaryotic systems. In particular, tissue-specific differences in methylation patterns have been observed (Vanyushin et al., 1973) , namely for the globin gene (Waalwijk & FlaveU, 1978 b; McGhee & Ginder, 1979; , for chicken ovalbumin (Mandel & Chambon, 1979; Kuo et al., 1979) and for a variety of genes in the sea urchin Echinus esculentus (Bird et al., 1979) . In most cases, undermethylated genes have been observed to be more actively expressed. Bird et al. (1981) have examined the methylation of mouse ribosomal DNA (rDNA). The bulk of the rDNA is unmethylated, some rDNA sequences are methylated. In Balb/c liver nuclei the unmethylated rDNA sequences are hypersensitive to digestion by DNase I. Like many previously described results, this finding is consistent with the possibility that DNA methylation suppresses the expression of certain regions of DNA (Bird & Southern, 1978; Bird et al., 1981) . Similar conclusions have been reached by Tantravahi et al. (1981) for the ribosomal RNA genes from rat cells. Hypomethylation of DNA has also been observed during the differentiation of Friend erythroleukaemia cells (Christman etal., 1977 (Christman etal., , 1980 .
In the chicken genome and in the genomes of other avian species, clusters of middle repetitive DNA sequences are present. The bulk of these clustered repetitive sequences is heavily methylated regardless of the chicken tissue. The same patterns of methylation have been noted in DNA from thirty individual animals. The distribution of methylation clusters appears to be regional; long methylated DNA sequences are interrupted by hypomethylated stretches Eden et al., 1981) . Very high levels of DNA methylation have also been found in repetitive DNA sequences and in particular in inverted repetitive DNA sequences in mouse P815 mastocytoma cells. The inverted repeats contain about 50 % more methylated bases than normal repeat sequences (Drahovsky et al., 1979) .
In hepatocellular carcinomas, hypomethylation has been seen to be correlated with malignant transformation of cells (Lapeyre & Becket, 1979) . This finding is in good agreement with that made in Ad 12-induced hamster tumours (Kuhlmann & Doerfler, 1981) .
Transcription of the J chain gene is initiated in the differentiation of mouse B cells. The expression of this gene has been found to correlate with a loss of methyl groups in this gene, whereas non-expressed J chain genes in embryos or lymphomas are heavily methylated. A similar correlation exists for the C~2B sequences; the C~ sequences (p chains of the constant region of immunoglobulins) are undermethylated in all stages of differentiation (Yagi & Koshland, 1981) . With IgM being involved in the first line of defence, perhaps C/~ sequences have to be in a state of constant alert.
In the green alga Chlamydomonas, DNA methylation can play a dual function. Firstly, it serves to protect DNA from the restriction system in Chlamydomonas (Sager & Lane, 1972; Burton et al., 1979; Royer & Sager, 1979; Sano & Sager, 1980) . Secondly, DNA methylation controls the transcriptional activity of certain algal genes. Site-specific DNA methyltransferases in Chlamydomonas have been isolated and characterized (Sano & Sager, 1980; Sano et al., 1981) . In Chlamydomonas, chloroplast genes are maternally inherited. They are transmitted from the female parent to all progeny, while the corresponding genes from the male parent are lost. It has been postulated that this type of inheritance is regulated by selective methylation (Sager & Lane, 1972) . Recently, it has been demonstrated that only the chloroplast DNA of female cells is methylated at 5'-CCGG-3' sites. The chloroplast DNAs of male cells and of vegetative cells remain unmethylated. This, methylation appears to be sex-determined and provides the molecular basis for maternal inheritance (Sager et al., 1981) . Methylation was detected by use of 5-mC-specific antibodies. Sager et al. (1981) have also isolated mutants of Chlamydomonas (mat-l) in which methylation also occurs in the chloroplast DNA of male gametes. Thus, methylation patterns in this system are genetically controlled (Sager et al., 1981) .
Early in embryonic development, one of the two X chromosomes is inactivated in the somatic cells of the normal female in mammals (Lyon, 1961) . Several hypotheses have been proposed to explain this inactivation; in 1975 Holliday & Pugh and (independently) Riggs proposed that DNA methylation may play a role in this event. Recently, Mohandas et al. (1981a, b) have provided direct evidence in support of this hypothesis. They prepared a mouse-human somatic cell hybrid which was deficient in hypoxanthine-guanine phosphoribosyl transferase (HGPRTase) and contained an inactive human X chromosome. These hybrid cells were treated with the cytidine analogue 5-azacytidine and were subsequently assayed for reactivation of the X chromosome and the expression of HGPRTase located on the human X chromosome. HGPRTase positive clones were about 103 times more frequent than in untreated cells and the HGPRTase synthesized was shown to be human. In some clones other X chromosome-linked functions were also expressed, namely glucose-6-phosphate dehydrogenase or phosphoglycerate kinase. Since 5-azacytidine treatment leads to hypomethylation of DNA (Jones & Taylor, 1981) , it is conceivable that DNA methylation is somehow responsible for the inactivation of the X chromosome.
The persistence of rnethylation patterns
Using the technique of DNA-mediated transfection, several investigators have followed the persistence of methylation patterns in mammalian cells (Pollack et al., 1980; Wigler et al., 1979a Wigler et al., , b, 1981 Stein et al., 1981) . In general, the results indicate a causal link between DNA methylation and the inactivation of genes. Moreover, DNA methylated in uitro by the HpaII DNA methyltransferase stays in the methylated configuration up to 50 to 100 and more generations after DNA transfer. Bacteriophage ~X174RF DNA, the cloned thymidine kinase (tk) gene from chicken or the cloned tk gene from HSV-1 has been employed in these experiments. There is also evidence that some of the methylated 5'-CC*GG-Y sites in the transfected DNA may be demethylated and some sites may have become de novo methylated upon transfection into mouse cells. These results suggest that certain patterns of methylation can be inherited in mammalian cells. These patterns probably persist due to the action of maintenance DNA methyltransferases. At specific sites, de novo methylation or demethylation events can occur. It is completely unknown what factors determine these specificities. Moreover, information on the specificity of mammalian DNA methyltransferases is very scarce. Certainly, studies on the enzymology of mammalian DNA methyltransferases are urgently needed and will yield interesting results.
Other possible functions of DNA methylation in eukaryotes
So far, there is no evidence for classical restriction of virus DNA in eukaryotes and restriction endonucleases have not been isolated from higher eukaryotic systems. The hypothesis has been put forward that DNA methylation may have a function in DNA replication of eukaryotes (Taylor, 1979) . Judging from the interesting data implicating DNA methylation in mutation during sea urchin development (Scarano et al., 1967; Grippo et al., 1970) and in DNA mismatch repair in bacteriophage )~ (Wagner & Meselson, 1976; Radman et al., 1980) , it appears possible that DNA methylation plays a more general role in mutagenesis and/or repair also in eukaryotes. These problems will provide useful areas of future research.
CONCLUSIONS
Evidence is accumulating at a rapid rate supporting the hypothesis that DNA methylation at highly specific sites exerts a function in the regulation of gene expression. It is not known by what mechanism, nor in which step of gene expression rnethylated bases have an effect. Much detailed analytical work remains to be done in most systems investigated so far. For instance, we do not know whether the methylated bases affecting the efficiency of gene expression have to be located in the body of the gene itself or in any of the more distantly located control regions. It is likely, but by no means proven, that methylated bases in specific locations exert an inhibitory function at the level of primary transcription. Of course, one will have to remember that Drosophila appears to manage without substantial levels of C-methylation.
It is conceivable that the signal represented by methylated bases at the DNA level may be in some way transmitted to the primary transcription product and influence the latter's processing. The possibility cannot be ruled out that increased levels of DNA methylation in some instances could also be the consequence of the absence of gene expression.
There is now evidence that the addition of a methyl group to the 5 position of cytidine may fundamentally alter the structure of the DNA double helix and stabilize DNA in the Z configuration . With the availability of antibodies against DNA in the Z configuration (Lafer et al., 1981) , examination of the Z DNA in chromatin may become feasible. As a consequence of such conformational changes, DNAprotein interactions in methylated regions of the genome would be expected to be altered.
If DNA methylations occurred at highly specific sites, as has been shown in many systems, the 'simple' signal of DNA methylation might in fact suffice to affect decisive regulatory mechanisms in the genome. By no means do I wish to question that other more complex interactions are also involved in regulatory processes.
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